This paper presents the first measurement of neutron-irradiated microstructure using far-field highenergy X-ray diffraction microscopy (FF-HEDM) in a high-temperature ultrafine-precipitate-strengthened (HT-UPS) austenitic stainless steel. Grain center of mass, grain size distribution, crystallographic orientation (texture), diffraction spot broadening and lattice constant distributions of individual grains were obtained for samples in three different conditions: non-irradiated, neutron-irradiated (3dpa/ 500 C), and irradiated þ annealed (3dpa/500 C þ 600 C/1 h). It was found that irradiation caused significant increase in grain-level diffraction spot broadening, modified the texture, reduced the grainaveraged lattice constant, but had nearly no effect on the average grain size and grain size distribution, as well as the grain size-dependent lattice constant variations. Post-irradiation annealing largely reversed the irradiation effects on texture and average lattice constant, but inadequately restored the microstrain.
Introduction
High-temperature ultrafine-precipitate-strengthened (HT-UPS) austenitic stainless steel is a candidate for structural and cladding applications in the next-generation advanced nuclear reactors because of its improved creep resistance at high temperatures over traditional 316 stainless steels (316 SS) and potentially better radiation resistance [1e3] . By controlled additions of carbide-forming elements such as Ti and Nb, fine MC carbides formed during thermomechanical treatments or plastic deformation can serve as pinning sites for dislocation movement [3e6] , which improves the creep resistance by reducing the strain accumulation during primary creep and prolonging the secondary creep regime. Those MC carbides may suppress the defect accumulation under irradiation, leading to enhanced radiation resistance relative to 316 SS. In neutron irradiated 316 SS at temperatures between 300 C to 700 C [7e10], Frank loops, dislocation networks, bubbles/voids, precipitation and solute segregation are common features of microstructural evolution. They can lead to property changes including irradiation hardening, embrittlement, dimensional instability, and decreased creep resistance [9,11e13] . Presently, there are limited data on neutron-irradiated HT-UPS, and the structure-property relationships have not been extensively investigated, which motivates this study.
Transmission electron microscopy (TEM) of polycrystalline alloys subject to irradiation, either post-mortem or in-situ, offer a great deal of detailed knowledge about defect formation and evolution, phase transformation and stability, etc. at atomic and nanometer scales. The microstructural information obtained through TEM is on thin specimens and typically covers a few grains at maximum. On the other hand, X-ray diffraction techniques such as wide-angle scattering and small-angle scattering interrogate bulk-scale sample volumes to obtain statistically significant data [14e16] . While TEM and X-ray techniques are complementary, comparative information at the grain scale in a polycrystalline sample is typically unobtainable. Several studies have pointed out that information at this intermediate length scale may be important for understanding the structure-property relationship [17e21]. For materials subjected to irradiation, the modifications of grainlevel microstructures due to the high-energy particleeatom interactions remain largely unaddressed in current literature, yet could be important in affecting the materials performance.
High energy diffraction microscopy (HEDM), also known as 3D-X-ray Diffraction (3D-XRD), is a non-destructive characterization technique capable of delivering information from thousands of grains, in the bulk, at the individual grain level. In this study we employ HEDM to resolve the effect of neutron irradiation on grains in the HT-UPS steel. While there are several variants of HEDM, we used the far-field HEDM (FF-HEDM) technique to obtain the strains, crystallographic orientations, and center of masses (COMs) of thousands of grains in a HT-UPS alloy before/after neutron irradiation and after post-irradiation annealing, providing rich 3D information well beyond the TEM and traditional diffraction measurements [22e26] . This work presents unique data sets that demonstrate grain-level irradiation effects with good statistics, and opens the opportunity for in-situ thermal-mechanical deformation tests for a deeper understanding of the structure-property relationship in nuclear reactor materials.
Materials and methods
The nominal composition (wt%) of the HT-UPS stainless steel samples examined in this work is shown in Table 1 .
The material was solution annealed at 1200 C for 1 h prior to irradiation. Three samples were studied: as-received, neutron irradiated to 3 dpa at 500 C, and same condition irradiated followed by 600 C annealing for 1 h. Neutron irradiation was conducted at the Advanced Test Reactor at Idaho National Laboratory (INL). Specimens were provided by the Pre-irradiated Sample Library of the Nuclear Science User Facilities (NSUF) at the INL. Detailed information of each sample is listed in Table 2 . The two irradiated disk samples had low activity, < 5 mR/h at a distance of 30 cm per sample. They were individually mounted and sealed in double-contained Kapton sample holders at the Irradiated Materials Laboratory at the Argonne National Laboratory (ANL). The asreceived coupon sample was mounted on the same type of the specimen holder without Kapton tubing. They were then transferred to the APS 1-ID beamline for FF-HEDM experiments. Fig. 1 is a schematic of the FF-HEDM experimental set-up at the 1-ID-E beamline, the Advanced Photon Source (APS). The X-ray beam energy was 65 keV, and the beam size was 2 mm (horizontal) Â 0.2 mm (vertical). A single panel GE-RT41 detector was placed approximately 910 mm downstream from the sample, nominally centered with the incident beam. The lab XYZ translations were used to place the u-rotation axis (rotation about Y L as illustrated in Fig. 1 ) in the beam. The sample XYZ translations were used to place the volume of interest in the beam and on the rotation axis. The instrument calibration procedure can be found in Ref. [27] , which gives a lattice strain resolution of~5 Â 10 À5 . For a particular volume illuminated by the incident X-ray beam, a series of GE detector images were acquired in sweeping mode at 0.5 intervals in u over a range of À180 to þ180 . The sample was then translated along Y L by 0.2 mm to interrogate a different layer of material. For each sample, data for four layers were collected, as illustrated by the four blue boxes in the top right corner of Fig. 1 . Data analysis was performed using Microstructural Imaging using Diffraction Analysis Software (MIDAS) [28] developed at the APS. The {111} and {200} diffraction spots from the austenite phase were analyzed. Twins were treated as independent grains in the analysis. Those spots were first identified using intensity threshold and their positions were corrected for systematic distortions using the instrument parameters obtained from calibration data. The spots are then fitted and indexed [29, 30] to obtain the COMs, crystallographic orientations, and strains of the constituent grains in the illuminated volume.
The spatial resolution of the FF-HEDM technique for this set of experiments was 10 mm in grain radius. Not every identified grain had all the expected diffracting spots matching with observations for the following reasons: (1) certain grains might be highly deformed, and (2) the diffraction spots for some grains might be too weak to be effectively distinguished from the background. The completeness parameter [26] was then used to filter unreliable indexing results. Completeness of an indexed grain is defined as the ratio between the number of matched diffraction spots to the number of overall expected spots (which is (2 3 þ 2 Â 3) Â 2 ¼ 28 in the case of using {111} and {200} spots for full 360 rotation). Only grains that had a completeness of 0.7 or higher were accepted, the same as in a number of studies [31e35]. The COMs of those accepted grains were then further checked and filtered if their COMs lied outside of the illuminated volume, which occurred for about 1% of the accepted grains.
Results
Fig . 2 shows the COM of the grains in the three samples: asreceived (AR), neutron-irradiated (irr) and irradiatedþ600 C annealed (irr þ ann). In total 943 grains are detected in the AR sample, 843 in the irr sample, and 1457 in the irr þ ann sample. The sizes of the dots in Fig. 2 are scaled with the diameters of the grains. For each sample, the volumes of the indexed grains are summed and the sum is compared with the overall illuminated volume. For the AR and irr þ ann samples, the detected grains contribute to more than 90% of the total illuminated volume, while for the irr sample the number is 75%. The missing volume could be from the grains that were discarded during completeness and COM screening, or from small grains that gave too weak diffraction intensity to be identified. The colors designate the completeness of the grains where blue is 0.7 completeness and red is 1.0 completeness. In general, grains in the irr sample have lower completeness compared to the AR and the irr þ ann samples; the average completeness of the grains in the irr sample is 0.84, while it is 0.90 for the AR sample and 0.89 for the irr þ ann sample. The fact that the irr sample has the lowest detected volume fraction and its grains have the lowest averaged completeness imply that irradiation introduces damage to the constituent grains in the polycrystalline aggregate.
The grain size histograms of the three samples are shown in Fig. 3 (a) , with the inset showing the lognormal fittings of the profiles. The peaks of the fitting profiles are 22 mm for the AR sample, 17 mm for the irr sample and 19 mm for the irr þ ann sample. The volume-weighted average of radii is 44 mm for the AR sample, 41 mm for the irr sample and 40 mm for the irr þ ann sample. It is seen that irradiation to 3 dpa at 500 C does not have a significant effect on the average grain size and grain size distribution of the HT-UPS steel. Fig. 3 (b) shows again the COMs of the grains, but this time the colors designate the grain radii where the blue corresponds to 10 mm and red corresponds to 100 mm. As can be seen, the size distribution is fairly random, i.e. there is no abnormal grain growth. To validate the grain sizes measured by the HEDM technique, we performed metallography of an as-received sample which was also cut from the same plate. A representative optical image is shown in Fig. 4 (a) . The radii of austenite grains with the size >10 mm were measured, and the size distribution was compared with that measured by HEDM, shown in Fig. 4 (b) . It is observed that: 1) The size ranges are comparable (10 mme100 mm); 2) the peak positions are similar (around 25 mm). Such a good agreement between the results from the two techniques confirms that the HEDM measurement on grain sizes is valid. The effect of irradiation and post-irradiation annealing on the diffraction spots from single, representative grains are shown in Fig. 5 (a) , which shows in total 14 spots from {111} and {200} reflections in the first 180 rotation for one grain in each sample.
Those grains are all~100 mm in radius. Compared with spots from the un-irradiated grain and the post-irradiation annealed grain, those from the irradiated grain show smeared intensities. Statistically, changes in full-width at half maximum of all the {111} and {200} spots were quantified by fitting a two dimensional peak profile function to each spot. The results are shown in Fig. 5 (b) and (c), respectively. The spot width in the radial direction (r) (Fig. 5 (b) ) is sensitive to the grain size and non-uniform strain, while the width in azimuthal direction (h) (Fig. 5 (c) ) is a measure of crystallographic reorientation of a grain and the formation of sub-grain Neutron irradiated to 3 dpa at 500 C 3 mm diameter Â 0.16 mm thickness (disk) irr þ ann Neutron irradiated to 3 dpa at 500 C followed by annealing at 600 C for 1 h 3 mm diameter Â 0.2 mm thickness (disk) structures. As seen, peaks from the irr sample are broader in both directions than the other two samples. Post-irradiation annealing partially recovers the modification in the r direction as evidenced by the peak of the irr þ ann sample lying in between the AR and the irr samples. The recovery was almost complete in the h direction, which is in agreement with the texture result to be shown in Fig. 6 .
The completely recovered peak broadening in the azimuthal direction and partially recovered broadening in the radial direction clearly showed that post-irradiation annealing at 600 C for 1 h can return the sample to its initial texture state, but not the local strain level.
The crystallographic orientations of the indexed grains are used to compute the orientation distribution function (ODF) of the aggregate. For a sample, the set of crystallographic orientations found from the FF-HEDM analysis are used as seed points in orientation space. Each seed point is associated with a Gaussian function in orientation space with angular width, s, to generate a smooth ODF. In this paper, s value of 5 was used. All the calculations were performed using the OdfPf package from Deformation Processes Laboratory, Cornell University [36] . The ODF are plotted over the surface of cubic fundamental region using Rodrigues parameterization. The AR sample shows the typical two-fiber texture induced under plane strain compression [37] from the rolling process. After irradiation, the ODF is sharper. Postirradiation annealing recovered the fiber texture. Recall that for the irradiated sample, only 75% of the total volume was detected, in contrast to over 90% for the AR and irr þ ann sample. It is possible that the missing segments in the fibers in the irr sample are related to the undetected volume. One great advantage of the FF-HEDM technique is its sensitivity to changes in the lattice constant and its ability to measure the strains in the constituent grains. Fig. 7 (a) plots the lattice constant of each grain as a function of grain size for all the grains in the three samples; the color denotes the completeness. The lattice constant is obtained by taking the average of a, b, and c in the distorted lattice as indexed by MIDAS. The volume-weighted average of the lattice constants in each sample is 3.5974 Å for the AR, 3.5970 Å for the irr and 3.5973 Å for the irr þ ann. A unique and interesting observation is that for each sample, the lattice constant varies as a function of grain size. The lattice constant shows a broader distribution towards smaller values as the grain size decreases. In addition, grains with smaller lattice constants tend to have lower completeness, and those features remain virtually the same even if with an increased threshold of the completeness (from 0.7 to 0.8), as shown in Fig. 7(b) . While neutron irradiation has an insignificant effect on the distribution profile, it did reduce the average lattice parameter by 0.0004 Å, which is a measurable change using the instrument [27] . To further back up the observation, as reported in Refs. [27] , another approach, which integrated the diffraction signal from the HEDM measurements to form a powder-like 1D diffraction profile and calculated the lattice parameters, reported a 0.0002 Å reduction after irradiation. Such changes can be attributed to the defects created during irradiation, and/or to chemical changes (e.g. solute segregation). Post-radiation annealing recovers the average lattice parameter by 0.0003 Å, which can be attributed to defect recovery and/or precipitation. Fig. 7 (c) shows the distribution of the microstrain of all the grains in each sample, taking the average lattice parameter of each sample as the reference. It is seen that the distributions are essentially the same among these three samples. This implies that the irradiation-induced lattice strain change is uniform across the grains.
Discussion
We have shown that the far-field high-energy X-ray diffraction microscopy (FF-HEDM) is a valuable non-destructive technique to obtain comprehensive crystallographic information of individual grains over a statistically significant ensemble. In this study, the effects of neutron irradiation as well as post-irradiation annealing in a HT-UPS steel were examined at the grain scale rather than conventional grain-averaged behavior. The fact that the average completeness and the fraction of recovered volume are the lowest in the neutron-irradiated sample implies that the quality of diffraction signals from the irradiated sample is lower due to irradiation-induced defects. Neutron irradiation to 3 dpa at 500 C has no significant effect on the spatial and size distribution of grains in the steel alloy, as shown in Fig. 3 . While the grainaveraged lattice constant is reduced after irradiation, the grainlevel lattice strain distribution shows no change after irradiation, as shown in Fig. 7 . Note that no new diffraction peaks were detected in the irradiated and post-irradiation-annealed specimens, and therefore no measurable second-phase precipitation occurred during irradiation or post-irradiation annealing. The reduction of lattice constants in the irradiated specimens may be attributed to the presence of residual stress, the formation of radiation defects, or structural relaxation [38e40]. The lattice constant almost increases back to the as-received value following post-irradiation annealing with a slightly sharper distribution profile, indicating a recovery of crystallinity and possibly chemical changes (e.g. precipitation). Effects from irradiation and postirradiation annealing can be further quantified using broadening of {111} and {200} diffraction spots from individual grains, as shown in Fig. 5 (b) and (c) . In contrast to the lattice strain distribution, the peak broadening profiles are significantly modified by irradiation and post-irradiation annealing. Preliminary TEM characterization of the irradiated HT-UPS specimen (to be published) indicates that Frank loops are the primary defects formed under irradiation. The results in Figs. 5 and 7 imply that the peak broadening is more sensitive to defect population induced by irradiation rather than the peak shift. Fig. 7 also implies that the irradiation-induced elastic strain and/or chemical effect is uniform among grains and irradiation has a minimal effect on the intergranular strain distribution. Further investigations of irradiated microstructure, including TEM and Atom Probe Tomography, are underway.
The grain size dependence of lattice parameters shown in Fig. 7  (a) is an interesting finding. For all samples, grains with smaller sizes give broader variations and smaller averaged values in lattice parameter. The lattice strain distribution (Fig. 7(b) ) spans from À0.12% to 0.07%, implying significant grain-dependent intergranular strains. Neutron irradiation and post-irradiation annealing show minimal effect on grain size-dependent lattice parameter variations though they do modify the grain-averaged lattice constant. Earlier studies on nanocrystalline materials have reported non-monotonic lattice parameter variations with average crystallite size [41e43]. These observations were explained as the result of two competing mechanisms: the interfacial stress (surface curvature) induced contraction and the grain boundary free volume induced expansion. However, those studies were focused on crystallites that were below 100 nm where grain boundaries taken up a significant amount of volume. The extrapolation of their results to mm-sized grains yields a lattice strain that is orders of magnitude smaller than those observed here. Therefore, such a grain boundary effect cannot explain the lattice constant variation observed in the HT-UPS specimen. Further investigations are needed to clarify the mechanisms as well as to study the effect from this phenomenon on material's properties.
It is worth mentioning that the information of 3D grain size distribution provided by HEDM may help to answer some fundamental questions in materials strengthening. It has been well recognized that, apart from the HallePetch relation [44, 45] which claims that the tensile yield stress of a polycrystalline alloy scales with the inverse square root of its mean grain size, the actual size dispersion also has a significant impact on the overall yield stress, especially for fine-grained materials [46e55]. In current practice, statistically significant grain size distributions are produced by characterizing 2D images of polished surfaces and then applying statistical and geometrical methods to extrapolate the data to 3D [56] ; for example, a well-received method is the Schwartz-Saltykov diameter method [57] . These methods are limited by the assumptions and simplifications they adopted. Serial sectioning can be further applied to overcome many of these limitations to create 3D maps [58, 59] , which although provides high-quality microstructural images, is time consuming and destructive. In contrast, the information from FF-HEDM method is non-destructive and can be obtained from thousands of grains simultaneously, opening up the possibility for in-situ mechanical test studies. Since the diffraction data is crystallography-sensitive, this method can even be applied to multi-phase materials to individually characterize each phase in a non-destructive manner.
Conclusion
In this study we investigated the effect of neutron irradiation and post-irradiation annealing on grain size, texture, grain-level lattice constant and broadening of diffraction spots in a HT-UPS steel, using the 3D high-energy X-ray diffraction microscopy (HEDM) technique. It was shown that neutron irradiation to 3 dpa at 500 C introduced damage to the crystallinity of the grains and modified the texture but had nearly no effect on average grain size and size distribution. Broadening of diffraction spots from individual grains was largely modified by irradiation-induced defects. Post-irradiation annealing at 600 C for 1 h reversed the irradiation effects on texture, but inadequately restored the strain state. It was also shown that there was an apparent correlation between the lattice constant of an individual grain and the grain size, with a smaller averaged value and a broader variation in lattice constant in smaller grains. Neutron irradiation reduced the grain-averaged lattice constant but did not affect the lattice constantegrain size correlation. Post-irradiation annealing largely restored the average lattice constant. The rich information of grain-level microstructures obtained using this 3D-XRD technique offers a new opportunity for a better understanding of the structure-property relationship in nuclear materials at the meso-scale.
